Heat stress, which strongly affects plant performance and often results in reduced vegetative growth and yields depression, has become an increasingly serious global problem. Populus euphratica Oliv. which has been considered as a tree model for the study of plant response to abiotic stresses, could be resistant to an extremely wide environmental temperature range (-40 °C to 45 °C). Previous study is mainly focused on its gene regulation upon drought and salt stress. However, little is known about gene regulation at the global transcriptome level upon heat stress. To understand the gene network controlling heat stress in P. euphratica, a transcriptome sequencing using Illumina Hiseq 2000 was performed to generate a 10 gigabases depth for each sample in the tissue of leaf. 119,573 unigeneswere generated with an average length of 474 bp. Approximately 49,605 (41.49%) unigenes exhibited significantly different expressions between two libraries. Among these unigenes, 11,165 (9.34%) were upregulated and 38,440 (32.15%) were down regulated. Heat shock proteins classified as molecular chaperones showed a significant percentage (1.13%) in the up regulated group. Heat responsive genes, such as polyubiquitins, were over expressed in heat treated sample. GO enrichment analysis revealed that the Go terms for differentially expressed unigenes were significantly enriched in hormone-mediated signal, biological process regulation and metabolic process regulation. Our data revealed a global transcriptome picture of P. euphratica in response to heat shock. The identified potential heat stress-related transcripts can be used to infer the gene regulation networks underlying the molecular mechanisms of heat response in P. euphratica.
INTRODUCTION
Previous reports have predicted that greenhouse gases, such as CO 2 , methane, chlorofluorocarbons, and nitrous oxides, gradually increase the global ambient temperature [1] . Heat stress is a serious global threat to plant growth and production because of high ambient temperatures [2] . When exposed to heat stress, severe cellular injury and even cell death may take place in a very short time; this adverse condition can be attributed to the disruption of cellular organization [3] . The changes at molecular level take place immediately after stress happened and result in altering gene expression and transcript accumulation. Thus, stress-related proteins are synthesized to induce stress tolerance [4] . Previous studies have established an important adaptive strategy, in which almost all of the organisms respond to heat shock by synthesizing heat shock proteins (HSPs) [1] . HSPs induce tolerance and improve physiological processes, including photosynthesis, assimilate partitioning, and membrane stability [1, 5] .
Although HSP stress response strategy is conserved in prokaryotes and eukaryotes [6] , only a few plant species or genotypes share abilities to cope with heat stress. High variations in heat stress-coping strategies among plants provide opportunities to study the mechanism of heat stress tolerance within and between species. In recent studies, deep sequencing technologies have been widely used [7, 8] . Using this method, scholars can capture expressed sequence tags (ESTs) and identify novel transcripts in a specific tissue at a particular point at a whole genome level without bias [9, 10] .
Populus euphratica Oliv. is naturally distributed in semiarid areas and play important roles in maintaining local arid ecosystems [11] [12] [13] [14] . As a tree species model widely used to elucidate abiotic resistance mechanisms [15] [16] [17] , P. euphratica can tolerate temperatures as high as 45 °C. To obtain heat tolerance genes and investigate the mechanisms involved in heat stress response of this species, we presented a de novo assembly transcriptome of P. euphratica exposed to stress at 45 °C by using Solexa data. The acquired information may contribute to the development of strategies and facilitate improvement of heat tolerance of trees.
MATERIALS AND METHODS

Sample Preparation
Plant materials were collected from two-year-old P. euphratica seedlings obtained from the Xinjiang Autonomous Region of China and planted in conditions as previously reported [13] . These potted plants were well irrigated at an interval of 3 d according to the evaporation rate two months before treatment. Heat treatment was designed as described in (Fig. 1 ). Plants were acclimated by heating the chamber at a constant, non-lethal temperature (37 °C, 2 h); the temperature was then increased linearly from 37 °C to 45 °C for 2 h and then stay at 45 °C for 3 h. At the end of the treatment, the leaves from four different plants were harvested, frozen immediately in liquid nitrogen, and stored at -80 °C for RNA extraction [13] . 
H 2 O 2 Content Assay
The level of H 2 O 2 was measured by monitoring the A 415 of the titanium-peroxide complex according to the method reported by [7] . Absorbance values were calibrated to a standard curve generated with known concentrations of H 2 O 2 .
RNA Isolation and Illumina cDNA Library Construction
Total RNA was extracted using the CTAB [18] . After treated with RNAase free DNAase, the A260/A280 ratios were examined by NanoDrop 2000 and ratios ranging from 1.9 to 2.1 were selected [13] . The integrity of the RNA samples was examined using an Agilent 2100 Bioanalyzer and their RNA integrity number (RIN) values were >8.0 [13] .
To construct the Illumina Hiseq 2000 libraries, 25 g RNA sample with a concentration of 750 ng/ l was used for each cDNA library construction. Poly (A) mRNA was initially enriched with oligo(dT) and subsequently fragmented into small pieces of 200 bp to 700 bp by using divalent cations at an elevated temperature. Based on these cleaved RNA fragments, random hexamer-primer and reverse transcriptase (Invitrogen) were used to synthesize cDNA [13, 19] . Two paired-end cDNA libraries with an insert size of 200 bp were constructed and subsequently sequenced using Illumina Hiseq™ 2000 [13, 19] .
De Novo Assembly and Assessment
Raw data generated from Solexa sequencing were preprocessed to remove non-sense sequences, including adapters, sequences with numerous unknown bases (>5%), and sequences with low-quality bases (>50% of the bases with a quality score 5), by using an in-house Perl script [19] . The preprocessed sequences were then assembled by using Trinity (Version: r2011-08-20) program [20] . Reads were first combined with certain overlap lengths to form fragments known as contigs,and then these contigs were further realigned to construct unigenes by Trinity. To fill the intrascaffold gaps, we used the paired-end information to retrieve read pairs that contained one well-aligned read to the contigs and another read located in the gap region [21] ; the collected reads were locally assembled. After the gap was closed, we constructed a non-redundant unigene set from the two assembled datasets by TGICL program [22] . To decide the sequential orientation of each unigene, we performed a set of sequential BLASTx alignment (E < 1e-5) against the nonredundant (NR) database of GenBank, Swiss-Prot protein database (http://www.expasy.ch/sprot), Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway database [23] , and Clusters of Orthologous Groups of proteins (COG) database (http://www.ncbi.nlm.nih.gov/COG/). For unigenes that cannot be aligned to any of these databases, ESTScan was used to determine the sequence orientation [24] .
Unigene Annotation and Function Classification
All assembled unique sequences were searched against the databases of NR, NT, Swiss-Prot, KEGG, and poplar transcripts version3 by BLASTn (E < 1e-5) to gain the most descriptive annotation. The protein with the highest sequence similarity was retrieved. Pathway mapping analysis was performed based on KEGG database alignment. According to Nr annotation, GO information was obtained using the Blast2GO server [25] . GO functional classification was performed using the WEGO software with plants categories defined by molecular function, cellular component, and biological process ontologies [26] .
Gene Expression Analysis
The expression level of P. euphratica unigene was normalized according to the number of RPKM [27, 28] . After normalization was conducted, we determined the number of reads in each coding region in the control and treated libraries. The ratio of the reads in the two libraries was then calculated. The statistical significance of the differential expression value of each unigene was determined according to a previously described method [29] ; the results of the statistical tests were corrected for multiple testing by using the Benjamini and Hochberg false FDR correction [30] . To eliminate the effect of the highly sensitive Solexa/Illumina sequencing method, we defined DE unigenes as those with an absolute value of log2Ratio 2, FDR < 0.001 as well as those expressed at 3 RPKM in 1 sample. The unigenes that failed to contain a minimum of three RPKM in at least one sample were removed [31] .
To obtain the significantly enriched GO terms of DE unigenes on the genome background, we annotated all of the DE unigenes to the GO database by using a hypergeometric test [32] . The cutoff p value after correction was 0.05 on rigorous Bonferroni correction method. GO terms meeting these standards were defined as significantly enriched GO terms. The KEGG pathway enrichment analysis of DE unigenes was performed to determine the main biochemical pathways and signal transduction pathways involving DE unigenes. Corrected p 0.05 was used as a threshold to identify the overrepresented pathways.
Quantitative PCR Analysis
Quantitative PCR (qPCR) was conducted using a power SYBR Green PCR kit (ABI) in a MicroAmp™96-well plate with a StepOnePlus™ Real-time PCR System (ABI). The relative quantification value was calculated according to the 2 -CT method [33] . Before qPCRanalyses, we illustrate the suit-ability of several reference gene including RPL17, TUB and 60S and finally chose PeActin (GenBank Accession Number: EF148840) as an internal control [34] . Reactions were prepared using a total volume of 20 l containing 10 l of 2 SYBR premix, 2 l of cDNA template, and 0.5 l of each specific primer to obtain a final concentration of 200 nM. The reactions were performed under the following conditions: 94 °C for 2 min; 45 cycles of 94 °C for 20 s; 60 °C for 35 s; and 68 °C for 1 min. The gene-specific primers used in the qPCR analysis are listed in (Table S1 ). For PCR analyses, three independent samples were used which were different from those used for RNA-seq. Three technical replicates were performedfor each sample as shown in previous report [33] .
RESULTS AND DISCUSSION
Solexa Sequencing Results
The total RNA obtained from approximately 30 leaves of four treated or non-treated plants was used to create biologically independent pools to capture heat-responsive genes. After the adapters, low-quality sequences, and ambiguous reads were removed [12] , a total of 64.6 million and 68.9 million clean reads with a mean length of 90 bp were generated in the control group (CK) and heat shock-treated sample (HS4), respectively ( Table 1 ). The raw data has been submitted to the NCBI Sequence Read Archive database with the accession number SRP029139. All of the trimmed reads were de novo assembled into contigs according to the Trinity method [20] . The average contig size was 135 and 134 bp in CK and HS4 libraries, respectively. Using paired-end information, we joined the contigs to obtain a total of 119,573 unigenes with an average length of 474 bp and a N50 of 548 bp ( Table 1) . Length distribution analysis results showed that 9.74% (11,643) of these unigenes were longer than 1,000 bp (Fig. S1 ).
Functional Annotation of the All Unigenes
Using BLASTx or BLASTn with an e-value of <1.0E-5, we annotated all of the unigenes according to the public databases, including NR database, nucleotide sequence database, the poplar genome (v3), Swiss Prot database, COG and KEGG databases. Among the119,573 high quality unique sequences, 93,214 (78%) showed at least one significant match to an existing gene model in the BLAST search. The COG classification and functional classifications GO terms of all unigenes were shown in (Fig. S2) . In the biological process category of GO terms, the five largest groups included cellular process, metabolic process, stimulus response process, pigmentation process, and biological regulation process. In the molecular function category, the unigenes with binding and catalytic activities formed the largest groups (Fig. S3) .
Differential Expression Unigenes Identification
According to our applied criteria (FDR < 0.001, absolute value of log2Ratio 1, and RPKM 3 in 1 sample), approximately 41.49% (49,605 unigenes) of the total unigenes were identified as differentially expressed (DE) unigenes, in which 11,165 were up regulated and 38,440 were down regulated (Fig. 2) . Among these DE unigenes, 43,827 had a gene model in poplar database (Table S2) . 
Fig. (2). Differential expression analyses of the putative unique transcripts.
Transcripts that satisfied the conditions of "FDR < 0.001" and "|log2 fold-change (log2FC)| 1" were considered significantly differentially-expressed unigenes.
To identify DE unigenes accurately, we selected the top 100 most up regulated transcripts and the top 100 most down regulated transcripts with good annotation (FDR < 0.001, Table 2 ). Among the top 100 most upregulated unigenes, 98 transcripts could match a transcript in the genome database of P. trichocarpa. Those encoding HSPs (e.g., Unigene119328, Unigene105373, and Unigene119280), heat shock factors (HSFs, e.g., Unigene119554, Unigene103826, and Unigene100969), dehydration responsive element binding protein (DREB) transcription factors (e.g. Unigene 109904, Unigene118327, Unigene117802, and Unigene 118202), and ubiquitin/polyubiquitin (e.g., Unigene110702, Unigene118782, Unigene111816, Unigene117269, and Unigene117112) occupied 62% of the most up regulated interpretable transcripts in the HS4 sample ( Table 2) . This result indicates a concentrated function annotation. Furthermore, 49 chaperone proteins such as HSP and DnaJ were included in these 100 unigenes. The high percentage of HSPs and HSFs in the top 100 most up regulated gene list suggested that HSPs were the primary factors affecting the heat tolerance of P. euphratica, and also indicated the efficiency of our treatments.
Distinct from those of up regulated unigenes, the unigenes with diverse functions were identified when the top 100 most downregulated analysis was performed. Some zinc finger proteins, cytochrome P450 genes, AP2/ERF-domain containing transcription factors, and protein kinases were listed in the top 100 most down regulated unigenes. The remaining clusters of unigenes primarily encoded abiotic stress-related transcription factors, general metabolism involving enzymes, and auxin-induced proteins ( Table 3) .
We further performed qPCR analysis to validate the reliability of our sequencing results. Ten members were randomly selected from the top 100 most up regulated and the top 100 most down regulated DE unigene list. The qPCR results indicated that all of the DE unigenes exhibited similar expression kinetics to the deep sequencing results ( Table 4 ). 
KEGG Mapping and Gene Ontology Enrichment Analyses for DE Unigenes
Based on a comparison against the KEGG database, twenty-five pathways changed significantly (p 0.05) under heat shock stress, including the pathways involved in carbohydrate, energy, lipid, vitamin, hormone, and pyruvate metabolisms ( Table 5) . Plant pathogen interaction, N-glycan biosynthesis, and zeatin biosynthesis pathways were three of the top five most differentially expressed pathways that seem to play important roles in heat shock response.
GO enrichment analysis showed biological processes related to biological regulation and hormone-mediated signaling were significantly enriched (p 0.05, Table 6 ). This result suggested that these processes are important in heat stress response. Unigenes related to endogenous stimulus and chemical stimulus responses were also enriched for DE unigenes, indicating a comprehensive change in gene expression in heat-treated P. euphratica. We also identified the enriched GO terms for upregulated DE unigenes based on genomic background. GO terms including stress response process, temperature stimulus response process, oxidative stress response process, and reactive oxygen species (ROS) response were enriched (Fig. 3) . The increased transcripts in these systems may indicate their important roles in protection of P. euphratica under conditions of heat stress by removal of or response to ROS. All P. trichocarpa V3 gene models were obtain by blasting with a threthhold of 1e-5.qPCR was performed on 10 members randomly selected from top 100 upregulated unigenes of the HS4 DEG list. The cutoff p value after correction was 0.05 on Q value correction method. The cutoff p value after correction was 0.05 on rigorous Bonferroni correction method.
Heat Shock Proteins and Heat Shock Factors in Response to Heat Shock Stress
HSPs that function as molecular chaperones are usually induced by heat shock at any developmental stage of higher plants [35] . HSPs are considered as candidate genes providing protective traits in plants against abiotic stresses because HSPs function in stabilizing proteins, repairing protein structures, and assisting in protein refolding [36] . HSPs are classified into five families according to molecular size: Hsp100, Hsp90, Hsp70, Hsp60, and small HSPs (sHSP) [37, 38] . According to our dataset, numerous HSPs were significantly induced after heat shock stress treatment. Besides 49 HSPs presented in the top 100 most up regulated unigene list (Table 2), 93 members designated as heat shock-related genes were up regulated while 28 members were down regulated from the whole database (Table S3) . Among these unigenes, nine sequences encoding HSFs, which are known ascentral regulators of heat stress responsive genes [39] , were up regulated. Eight sHSPs were up regulated, and none was down regulated, indicating a vital role played by sHSP in heat shock stress response. A highly conserved HSP gene named HSA32 has been reported in different plant species. However, only slightly increase of this gene has been found according our dataset. Close inspection of this gene revealed a higher abundance after 37 °C treatment, indicating its early response to heat in P. euphratica (data not shown). Heat shock cognate proteins (HSCs), DnaJ (HSP40) homologs and other HSPs were often classified as chaperone proteins. HSC70 is required to activate HSF1, which appears to control the early response of target genes in heat stress. DnaJ exhibits the same capability as HSP70 in reactivating proteins in bacteria and may respond to various environmental stresses independently as a molecular chaperone [40] . In our study, three sequences encoding HSC proteins were found and two of them were up regulated. In contrast to HSCs, DnaJ-like proteins comprise more down regulated members than up regulated ones, indicating that P. euphratica may initially utilize HSP70 and then DnaJs to resist heat stress. All these results indicated chaperone proteins function as master players for heat stress tolerance.
DREB Transcription Factors in Response to Heat Shock Stress
Some drought-responsive transcription factors, such as DREB, were overrepresented (FDR < 0.001) in the HS4 sample. Seven sequences with DREB annotation were identified in our dataset. Among these sequences, six were included in the top 100 most up regulated list. Based on Pfam database searches of predicted open reading frames and NCBI blast program, two genes, i.e., PeDREB2 (GenBank Accession No. EF137176.1; encoded by unigene 110992, unigene 109904 and unigene 117802) and PeDREB2L (GenBank Accession No. EF567422.1; encoded by unigene 118203, unigene 118327 and unigene 118202) were identified. DREB2-type transcription factors have been considered as important regulon not only in drought and salt stress signaling but also in heat stress response signaling in Arabidopsis [41, 42] . DREB2A can bind to HsfA3 promoter directly and function as a regulator of HsfA3 [43] . Here, we showed that PeDREB2 and PeDREB2L can be significantly induced by heat shock (Tables 2). Furthermore, two DREB2A-interacting protein genes that encode DRIP2 (unigene 52587 and unigene 38695), which were supposed to function negatively in response to abiotic stress, were dramatically down regulated in the HS4 sample (Table S2) . Considering the salt response function of PeDREB2 and drought response function of PeDREB2L we have reported [34, 41] , we concluded that a complex cross-talk between different abiotic stress responses is involved in P. euphratica and that the DREB2-cellular signal transduction is crucial to the heat adaptation of this tree species. However, further studies should be conducted to determine whether these two factors or only one of them can participate in heat shock response.
Heat Stress Increases Intracellular Accumulation of H 2 O 2
Many physiological damages occur when plants exposing to heat stress, e.g., causing ROS accumulation. DREB2A and HSFA2, which were highly induced after heat shock stress in our transcript profile, were also known to be involved in hydrogen peroxide (H 2 O 2 )-response signaling or strongly induced by H 2 O 2 treatment [44] . HSPs, which encode cytosolic proteins for the detoxification of H 2 O 2 and function as targets of HSFA2, were also overrepresented after heat shock stress. These results indicated that many H 2 O 2 -response genes may be implicated in heat shock stress. We further examined the H 2 O 2 level before and after heat shock treatment. As shown in (Fig. 4) , an increase intracellular accumulation of H 2 O 2 has been investigated for heat stress treated plants, suggesting heat stress have induced oxidative production. Heat shock-induced H 2 O 2 may facilitate transcripts accumulation of heat shock responsive genes in P. euphratica.
We also investigated oxidative stress-responsive Ascorbate Peroxidases (APXs) that may be involved in heat stress response. Previously, a barley APX1 has been found to play roles in heat tolerance. A functional heat shock elements have been found in the 5'-promoter region of some Arabi- Fig. (3) . Biological process network of over-representative GO terms of upregulated DE unigenes. Node filled color represented different p value. White nodes were not significant over-representative terms.
dopsis APX genes, indicating their potential role in heat stress response [37] . However, no APX gene has yet been investigated to be unregulated in our study. We supposed that some heat-responsive gene may be induced in different stages or in different tissues. Fig. (4) . H 2 O 2 content in P. euphratica leaves exposed to heat stress treatment. Each value is the means of three repeats.
Calcium/calmodulin-mediated Signal Network Involved in Heat Stress
As a second universal messenger involved in abiotic stress responses in plants, calcium/calmodulin-mediated signal network functions as an important messenger in thermomemory associated signal transduction [45] . Calmodulin has been reported to be involved in heat shock signal transduction in wheat [46] . Calcium signals are perceived by calcium sensors such as calmodulins (CaMs) and calciumdependent protein kinases (CDPK) that relay the signals into downstream targets in different stimuli [47] .
As a regulatory protein involved in cellular calciumdependent signaling pathways, CDPKs are monomeric proteins containing a CaM-like domain with four EF-hand motifs [48] . The CDPK family is a large family with various functions participating in different stress signal pathways. In the present study, four unigenes (Unigene24235, Unigene24346, Unigene20655, and Unigene113411) encoding different CDPK proteins were significantly up regulated after heat shock treatment, suggesting that CDPK might be an important component in heat shock response of P. euphratica. CaMs are small proteins that transmit the Ca 2+ signal by interacting with target proteins and regulating their activity. Several CaMs, CMLs and dozens of CaM-binding protein genes were showed upregulated versus the control group. Particularly, some CaM-binding HSPs were found to be induced over 10-fold by heat shock treatment ( Table 2) . Thus, we propose that CaM might play important roles during the expression of HSPs through binding directly to cytoplasmic HSPs. To define the functional significance of these Ca 2+ sensors, loss of-function and gain-of-function analyses for each of these genes under heat shock stress remains to be studies in the future.
Polyubiquitin in P. euphratica Heat Shock Response
Ubiquitin, a highly conserved protein of 76 amino acids present in eukaryotic cells, is involved in protein degradation via a multicatalytic proteasome complex [49, 50] . The ubiquitin system has been implicated in immune response, development, and programmed cell death [49] . As one of the two ubiquitin classes, polyubiquitins may have important functions in heat shock response in P. euphratica because of their overexpression (FDR < 0.001) in the top 100 up regulated gene list ( Table 2) . A yeast polybiquitin gene ubi4 is induced in response to environmental stresses, such as heat shock, starvation, and oxidative stress [50] . Ubi1 is another polybiquitin gene from an entophytic fungus that shows increased transcription at high temperatures; this result indicates a stress reaction of hyphal cells after heat shock treatment [49] . Although we cannot explain the mechanism of the overexpression of unigenes encoding polyubiquitin proteins in the heat shock-treated library precisely, the most probable explanation is that heat shock stress treatment induced damage to some proteins, which are targeted for proteolysis. In higher plants, the best-characterized outcome of ubiquitination is the process mediating target protein degradation via 26S proteasome, in which polyubiquitin is essential for the 26S proteasome recognition [51] . Evidence suggests that ubiquitination may have a critical function in regulating plant responses to abiotic stresses and has prompted researchers to conduct further studies to identify ubiquitin genes that mediate plant tolerance of abiotic stress. However, the mechanism by which polyubiquitin functions in response to adverse environmental conditions remains unknown. A recent study on the genome-wide transcriptome analyses of Populus simonii also established the crucial role that DREB played in heat response. However, few up-regulated polyubiquitin genes have been found in their study [52] . Basing on our sequencing results, we identified three polyubiquitin genes with full coding sequences against poplar genome database. Considering that all of these genes contain a common heat shock element sequence (CNNGAANNTTCNNG) in their upstream promoter region [53] , we concluded that the up regulated polyubiquitin genes in P. euphratica play important roles in heat shock response.
CONCLUSION
In this work, we have analyzed global transcriptome profiling of P. euphratica upon heat shock stress.
Heat responsive genes, such as heat shock proteins, DREB transcription factors and polyubiquitins, were significantly up regulated in heat treated sample. Go terms for differentially expressed unigenes were significantly enriched in hormone-mediated signal, biological process regulation and metabolic process regulation. Our results provide a global picture of P. euphratica in response to heat shock stress at transcriptomic level by using Illumina Hiseq 2000. Detailed characterization of these heat shock responsive genes will be studied in future.
